Abstract
Introduction
Atomization of liquids is a process during which bulk liquid is transformed into fragments or small droplets; the 33 process is accompanied with a significant increase in the interfacial area and consumes the energy introduced to the 34 liquid at the atomizer inlet. The nature of the feed energy 1 determines the atomization process. Thus, from the energy 35 point of view, an atomizer can be considered a device that converts the input energy, Ei, into the increased surface 36 tension energy of sprayed liquid, EA. Effectiveness of the conversion is characterised by the atomization efficiency: 37
. Its knowledge allows comparison of different types of atomizers and improvement of the spray quality. 38 The quality of the atomization process is frequently described using the Sauter mean diameter (SMD or D32) [1] of 39 the final droplets in the spray; the smaller the SMD the better the spray is. It is crucial namely in combustion 40 applications; the SMD of a sprayed fuel strongly affects the combustion process, namely the stability limits, 41 combustion efficiency and pollutant emission levels. Good atomization quality promotes the fuel evaporation and 42 decreases the demand of ignition energy [2] . A properly designed atomizer is thus a prerequisite for efficient 43 combustion and optimal use of energy resources through proper utilization of the chemical energy contained in 44 expensive fossil liquid fuels. 45 Bayvel and Orzechowski [3] show all traditional atomizers work with very small ηa, typically below 0.1%, and 46 that any spray quality improvement requires disproportionally more energy as ηa drops down. For example, a 47 pressure atomizer generating 100 µm droplets has ηa = 0.05-0.07% and to reduce the diameter to 50 µm causes the 48 efficiency to drop to the order of several thousandths per cent. Rivette and Evers [4] calculated atomization 49 2 efficiencies of compound pressure nozzles ranging from 0.4 to 1% according to the injection pressure. They observed 50 that increasing the velocity of the fluid is an increasingly inefficient method of creating the turbulence necessary for 51 drop formation. Dumouchel et al. [5] also studied compound nozzles and found their atomization efficiency in range 52 0.9-2.6% depending on their design rather than on injection pressure. Loefler-Mang and Leuckel [6] investigated the 53 atomization process of spill controlled pressure-swirl (PS) atomizers and found remaining surface energy of droplets 54 between 0.1 and 0.4% of the initial static pressure energy. Petela [7] applied an exergetic approach to the pressure 55 and airblast atomization. He found the exergetic efficiency of the pressure atomization for inlet pressures in the order 56 of 0.1-1 MPa is below 1% and it decreased with the growth in the inlet pressure. Sovani et al. [8] compared the 57 performance of a conventional pressure injector with an effervescent Diesel injector (DI) designed for fuel injection 58 into Diesel engines. They found the pumping energy required for delivering fuel with their effervescent DI operating 59
at an injection pressure of 18 MPa and 2% gas to liquid ratio (GLR) is over five times smaller than that required by a 60 conventional DI operating at 150 MPa for comparable D32 value. We [9] studied the energy conversion in an 61 effervescent atomizer for inlet pressures of 0.1-0.5 MPa with 2-10% GLR and shown its ηa is less than that of PS 62 atomizer for the same spray quality. Lefebvre [10] evaluated the efficiency of airblast atomizers and found it to be 63 0.007. Several spraying methods, developed for specific purposes, work more efficiently than PS atomization; the 64 roller atomization with ηa = 30% and ultrasonic atomization with energy requirement less than 100 J/kg of atomized 65 particles [11] . 66 PS atomizers are widely used in industrial and domestic burners, utility boilers [12] , gas turbine combustors [13] , 67 in aviation engines [14] , direct injection gasoline engines [15] , rocket engines [13] , and many other engineering areas 68 thanks to their simple design, low energy demands and good atomization characteristics required for high quality 69 combustion with minimum emissions. A drawback of the simplex PS nozzles is the poor atomization quality at low 70 flow rates, where inlet pressures are reduced. This disadvantage has been overcome by the spill-return PS nozzles. 71
Above cited works give important information on the atomization characteristics of simplex PS atomizers and other 72 spraying techniques as well but spill-return PS atomizers are only sporadically referred to. A detailed description 73
with an analysis of the entire energy conversion process of simplex and namely spill-return PS atomizers is, to the 74 best of our knowledge, absent in the literature. In this paper, we address some aspects of the energy conversion 75 process during PS atomization. An experimental study of PS atomizer was performed in simplex as well as spill-76 return mode with the aim to estimate the individual energy ratios during the internal flow, discharge and formation of 77 the spray. An analysis of the energy processes reveals possibilities for innovative designs of PS atomizer with 78 increased spraying efficiency. 79
Experimental facility

80
The experimental data included in this work were acquired during cold testing of a PS atomizer in the Spray 81 laboratory at the Brno University of Technology. Following paragraphs describe essential experimental equipment 82 used including the atomizer under test, cold test bench with the fluid supply system and PDA system. 83 84 
Cold test bench 86
A schematic layout of the test bench is shown in Fig. 1 . It consists of a gear feed pump (1) that supplies fuel 87 from a main tank (2) through filters (3), control valves (4, 5) and flow meters (6) into the atomizer (7) . A chiller (8)  88 controls the fuel temperature hence its viscosity. The spray falls into a collector (9) and then it is returned to the main 89 supply tank by a pump (10) . The collector is connected to a fuel mist separator that keeps the spray zone free of 90 aerosol but does not substantially disturb the spray. The fuel piping is equipped with a hydraulic shock absorber (11) 
Atomizer description and operation
97
A spill-return PS atomizer, working originally in a high-power stationary oil burner, was used for this study. The 98 nozzle (Fig. 2 ) is placed in a body which provides an inlet, distribution and return of fuel and gripping to a 3D 99 computer controlled support. Fuel is fed into a swirl chamber through four tangential ports of a square cross-section. 100
The swirl chamber contains a cylindrical entry part followed by a conical part and exit orifice of small length-to-101 diameter ratio. The spill return line is placed in the nozzle axis at the top cap and opens using a regulating valve. 102 103 Fig. 2 . Schematic layout of the atomizer with main dimensions in millimetres. The coordinate system is identical with that in Fig. 3 .
104
The atomizer was continuously operated with a vertical downward position of the main axis. All tests were done 105 with one batch of light heating oil (LHO) which simulates real hydrocarbon fuel. LHO is suitable testing fluid as it is 106 not as volatile as other primary fuels [16] . It was chosen as the Newtonian model fluid also as its atomization-107 important properties (viscosity, surface tension and density) are close to these of other fuels sprayed with PS 108 atomizers frequently, such as diesel fuel [8, 17] , No. 2 heating oil, kerosene [2, 18, 19] , petrol [20] [21] [22] , non-109 renewable fossil fuel substitutes (e.g. biodiesel, E10 [23, 24] ), crude or residual oil [13] and waste fuels. Physical 110 properties of the LHO at room temperature are: σ = 0.0297 kg/s 2 , ρl = 874 kg/m 3 , µl = 0.0185 kg/(m⋅s), cl = 2400 111 J/(kg⋅K). The viscosity was measured using an Ubbelohde viscometer (uncertainty value 7%). We used the detach 112 method to measure the surface tension (uncertainty value 5%), the density was specified in a certified laboratory and 113 the cl value was taken from literature. The temperature of LHO was kept during all tests at 20 ± 1 °C to ensure 114 constant physical properties of the liquid. Operational conditions of spill-return atomizer are described by two 115 independent factors: the pressure differential between the nozzle inlet and exit, ∆pl, and the spill/feed ratio 2 (SFR or 116 ε). 117
Phase-Doppler analyzer 118
Time-resolved size and velocity of droplets were measured using a commercial phase-Doppler analyzer (PDA) 119
by Dantec Dynamics. This 1-component classical PDA system is equipped with a standard optics; basic parameters 120 are given in Table 1 , and its configuration with the coordinate system is shown in Fig. 3 . 121 4 Measurements of the spray using PDA were made as radial scans with equidistant sampling in radial positions 122 rj = 0, 5, 10, ..., 90 mm, at axial distance from exit orifice z = 100 mm with n = 2 13 
Results and discussion
132
Operation of PS atomizer is analysed in a consecutive manner with an emphasis on the energy transfer during the 133 atomization process. The first part deals with internal flow, discharge and sheet formation for a range of atomizer 134 loads. Liquid breakup and spray macrostructure are elucidated with the use of spray photography. PDA is used to 135 provide spatially resolved distributions of droplet characteristics such as diameters and velocities. Efficiency of the 136 spray production is calculated and compared with other atomization techniques. 137
Internal flow, discharge and sheet formation 138
The operating principle of PS atomizers relies on the conversion of liquid pressure into kinetic energy (KE) to 139 achieve high relative velocity between the liquid emerging from a nozzle and the surrounding gas. The input energy 140 in non-reacting pressure atomization is predominantly driven by the potential energy of the supplied liquid at a 141 5 pressure drop l p ∆ between the atomizer inlet and exit; all other inlet energy forms can be neglected 3 . The process is 142 considered isothermal with no preheat or cooling. Thermal effects such as vaporization of the atomized liquid (LHO 143 is a non-volatile liquid) or exchange of heat between the discharged liquid and the surrounding air are thus 144 unimportant. A part of the inlet energy is lost during the energy conversion due to friction and dissipation of 145 turbulence; it turns into heat, which amount linearly increases with the inlet pressure. The rise in the liquid 146 temperature between the atomizer inlet and exit ∆T values were in whole ∆pl range systematically by ~20% higher than the measured ones. This difference can be 151 explained with heat transfer between the liquid and the nozzle surface inside and heat transfer between the liquid and 152 surrounding air outside the atomizer. The linearity between ∆pl and ∆T suggests for constant ηn value, which is 153 analysed bellow and confirmed using other methods. 154
Internal flow 155
Part of the inlet pressure energy converts into KE in the supply channel and swirling ports; the value is ~1% of 156 the inlet energy independently of the operation pressure. Oil flow in these ports has a laminar character with 157
Reynolds number Rep = 316-898 for the observed range of ∆pl = 0. homogeneous swirling flow and a uniform spray [28] should be used, as large port number also negatively affects the 169 loss. 170
The oil enters a swirl chamber in the tangential direction producing strongly vortical flow with an air core in the 171 nozzle centerline. This flow is relatively complex [29] with a dominant swirling velocity component containing 172 vortices of various types [30] [31] [32] [33] . Significant part of the remaining pressure drop converts into KE at the exit orifice 173 and partly dissipates due to viscous effects in the liquid and by friction on the inner walls while the surface energy 174 rise due to the establishment of the air core is minor. Hydraulic loss in the cylindrical part of the swirl chamber can 175 be, assuming simple helical flow, very roughly rated as: 176
where a depends on the character of the flow and for our case, where ReW = 2830-8940 according Walzel [34] , 178 3 . 0 ≅ a . The chamber loss increases with the chamber length, lc, and decreases with its diameter, dc. Changing dc 179 complexly affects the spray quality as well as spray cone angle (SCA or α), so its simple enlargement to reduce the 180 ∆pc is not applicable. The chamber length should be kept short to minimize frictional loss, however, sufficient length 181 must be provided for the separate jets issuing from the swirl ports to coalesce into a uniform vortex sheet [35] . Other 182 work [36] suggests that higher values of the length/diameter ratio of swirl chamber, lc/dc, up to a maximum of 2.75 183 result in improved atomization. 184
The total energy loss inside the atomizer is characterised by the nozzle efficiency ηn and the velocity coefficient 185 cw 4 , where
is the efficiency of the input energy conversion into KE at the nozzle exit. Using 186 our PDA data for the near nozzle velocity of the liquid phase and approximating the velocity decay curve to the exit 187 orifice, we found ηn = 0.59 for l p ∆ = 1 MPa; ηn moderately decreases with ∆pl (see Table 2 ). Note that other authors 188 [6, 37] The magnitude of the surface irregularities grows up with the distance from the nozzle until it causes ruptures 222 and consequent breakup of the liquid membrane. Only surface wave instabilities were found to initiate the sheet 223 breakup, contrary to [44] , where two sheet atomization regimes (perforations and surface waves) were documented. 224
The mean breakup length 5 was measured using spray photography and is documented in Table 2 together with the 225 relative surface energy at the breakup position, eAL. At low ∆pl, ~0.2 MPa, the liquid film shows an onion stage; the 226 surface tension forces dominate and overcome the radial momentum which causes the film to collapse. The film does 227 7 not break up until the collapse point and atomizes poorly afterwards (Fig. 4) with dripping character of the breakup 228 process 6 . The spray shape changes with increasing ∆pl to a tulip-like one with still inferior atomization. Primary 229 atomization of the entire liquid volume completes at ∆pl > 0.4 MPa in a large distance from the nozzle exit. With 230 further increase of ∆pl, the atomization improves, and the breakup point approaches the exit orifice due to the 231 increased relative gas-to-liquid velocity. Also, the SCA slightly widens (see Table 2 ). At common operating 232 pressures, units of MPa, the discharged mass takes a form of fully developed hollow cone spray. Further change of 233 ∆pl does not significantly affects the SCA any more; its value is practically given by the internal nozzle geometry; 234 this effect was also seen by Mandal et al. [45] The same meaning as in Table 2 . 242
243
Opening of the spill valve (Fig. 5 ) causes a part of the liquid to divert from the swirl chamber to the spill return 244 line. The swirl momentum of the liquid inside the nozzle retains but the flow rate through the exit orifice reduces so 245 the ratio between the axial and the radial velocity downstream the nozzle drops down causing the spray cone to 246 expand markedly as documented in Table 3 and Fig. 5 . The observed spray structure and its variation with ∆pl are in 247 accordance with the findings described in [2, 12, 46] . 248 249 
Liquid breakup and spray characteristics 251
The instabilities in the liquid sheet increase with distance and cause its breakup into ligaments, filaments and 252 finally into drops in the form of a hollow cone spray. Further disintegration of drops into smaller droplets occurs 253 further downstream from the nozzle orifice and is driven by the collision between droplets and the action of 254 aerodynamic forces [3] . 255
The mean droplet size in developed spray varies significantly with the radial position, as illustrated in Fig. 6 . The 256 D32 is ~40 µm in the centreline and increases up to almost 120 µm on the spray border at ∆pl = 1 MPa. Drop size 257 larger at the spray edge results from the droplet and gas dynamics in the spray cone and was also found by Yule et al. 258 [40] and others. Increase in ∆pl leads to a reduction of the size at radial distances r > 15 mm. The opposite trend near 259 the centreline can be explained by enhanced mixing at greater pressures and transfer of larger droplets into the area. 260
However, the spray in r < 20 mm is of low importance as it contains less than 3% of the total liquid mass in all 261 inspected regimes. Small droplets with D32 < 60 µm fill the central part of the spray cone as they are dislocated there 262 from the main stream by the air movement. 80% of liquid mass is placed within r = 30-50 mm and large (heavy) 263 droplets are formed in the outer part of the spray. 264 265 
266
To characterise this wide size range of droplets in the radial profile with a unique parameter we introduce an 267 integral Sauter mean diameter, ID32, calculated according Eq. (A.2) of the Appendix. Table 2 shows that ID32 268 monotonically decreases with ∆pl as expected and in accordance with published data. The trend can be approximated correction for the effect of the pressure on the flow rate, as flow rate is considered an independent factor in these 274 works) for similar PS atomizers and operation conditions. This large difference can be partly explained by different 275 measurement methods used, as described in the Appendix and proposed in [49] or by experimental conditions. Also, 276 rheological properties of the atomized liquid play an important role (described in Section 3. as arithmetic mean diameter, D10, or mass mean diameter, Dv0.5, due to the difference in size distributions. Note that 280 the ID32 at z = 100 mm, where the breakup is completed (see explanation in Section 3.3), is in a constant ratio to the 281 sheet thickness, estimated according Eq. (4) at the characteristic breakup position, for the whole range of the ∆pl as 282 shown in Table 2 :
. We, therefore, deduce that the variation of droplet size with ∆pl change depends on 283 the effect of l p ∆ on the relative liquid-to-air velocity rather than on the effect of ∆pl on the sheet formation. Using 284 our formula
, we estimate that an improvement in nozzle efficiency by 10 percentage points, due to 285 eventual chamber redesign, would reduce the ID32 by 1.6%. A chamber modification producing a sheet with reduced 286 thickness could have a stronger impact. 287
The D32 profiles for the cases of the return line opening (Fig. 7) seem to drop down with the increase in SFR but 288 these curves rather shift to greater radial positions with the spray widening (documented by the spray photography in 289 Fig. 5 above) as it is also suggested by the almost constant ID32 values in Table 3 within the studied SFR range. The 290 negligible effect of SFR on the ID32 is in agreement with [51] . 291 292 Fig. 7 . Radial distribution of D32 at ∆pl = 2 MPa, SFR varied, z = 100 mm.
Kinetic energy of droplets and air
293
The KE of the spray contains the energy of moving droplets and the energy of the entrained mass of ambient air. 294
These energies can be estimated separately using the PDA data. The specific KE of liquid (droplets): 295 the area near the nozzle axis, which is occupied mainly by small droplets, already decelerated by the ambient air 310 while large velocity difference remain in rj > 30 mm where the spray is formed by large droplets. The ratio between 311 the gas phase Weber number and critical Weber number, calculated for droplet diameter Dv0.98j at individual positions 312 j, is typically 0.1 or less which means the secondary breakup in the axial distance 100 mm is completed. 313 314 Fig. 8 . Radial distributions of individual axial velocities at ∆pl = 1 MPa, spill return line closed, z = 100 mm; wg = gas, wl = liquid, wmean = mean (for all droplets in the position), wrms = root-mean-square velocity, wl -wg = liquid to gas velocity difference.
315
Typical radial distribution of cumulative KE of liquid and gas phases in the spray are shown in Fig. 9 . The liquid 316 KE is concentrated in off-axis area; it reaches 50% of its total value in rj = 41 mm while for gas it is 25 mm at 317 ∆pl = 1 MPa. The droplets keep ~26% of the inlet energy at this regime (Table 2 ). This value slightly drops down 318 with ∆pl increase as the transfer of KE from liquid into air gets more intense with increasing contact area of fine 319 droplets and with widened SCA. The entrained air contains 10-13% of the inlet energy with the opposite trend 320 compared to the liquid phase due to the increased energy transfer. 321
The total KE contained in the spray ekD + ekg = 32-35% in agreement with [6] ; it is almost independent on ∆pl., 
11
The specific KEs of both the liquid and the entrained air markedly drop down with the opening of the spill return 330 line as only a fraction of the pumped liquid ends in the spray (see Table 3 ). The reduction of the total KE with SFR 331 increase is however much faster than the spilled out liquid quantity could simply explain. Changing the discharged 332 fraction (1 -ε) from 0 to 31% the total KE drops to 6% of its initial value (when spill line closed). We assume that 333 the liquid phase dispersed to the larger area (larger SCA, see Table 3 ) interacts more intensively with the surrounding 334 air thus transferring there higher fraction of its original KE. 335
The spatial distribution of KE in the spray and variation of the KE contained in liquid and gas phases with 336 operation conditions will have significant consequences in combustion application as it controls the fuel supply into 337 the combustion zone as well as fuel-air interaction and the mixture preparation. 338
Atomization efficiency 339
The input energy available for the atomization process is represented by the potential energy of the supplied 340 liquid at the pressure drop ∆pl between the atomizer inlet and exit:
This energy, as shown above, 341 converts into the KE of liquid, partly dissipates due to viscous effects inside the atomizer and the momentum 342 delivered to the surrounding air. Only small portion of the supplied energy ends in the surface energy of the droplets 343 (and eventually their remaining KE) at the point of interest and can be considered as the effect of the spraying 344 process. The amount of liquid discharged by spill-return nozzles, Vlo, is only a fraction of the totally supplied liquid, 345
Vli, as the other part, Vls, is spilled out. The energy which runs away with the spilled amount is considered lost. 346
The atomization process represents disintegration of bulk liquid into fine droplets, and it is associated with 347 enormous increase of the liquid-air interfacial area 8 . The final interfacial area of a droplet system of a volume Vlo is 348 This formula agrees for ε = 0 with the equation for exergetic efficiency by [7] . It shows that the efficiency is directly 354 related to 32 1 ID , so SMD is a measure of the effectiveness of the atomization process for given liquid (determined 355 by σ ) and for given operation conditions (∆pl, ε). The remaining KE can be eventually added to the normalised The atomization efficiency, shown in Fig. 10 , left and Table 2 is less than 0.3% for the studied range of 359 operation regimes, in accordance with [3, 6] . As suggested by the logarithmic scale of the plot, there is 360 approximately an inverse logarithmic tendency of the ηa with the pressure drop for spill line closed, so 361
The decrease in atomization efficiency, related with requirement of small droplets in pressure 362 atomization, was also found by Petela [7] , Rivette and Evers [4] and Michalek et al. [52] . The atomizer is 363 increasingly inefficient with the spill line opening (Fig. 10 , right and [3, 35] , solve this weakness but suffer from other shortcomings so a new conception to improve the flow 369 control mechanism of PS atomizers is desired. 370
Based on the results in Fig. 10 
377
Results given in Fig. 10 are in good agreement with findings of others. Loefler-Mang and Leuckel [6] obtained 378 ηa = 0.1-0.4% for spill controlled PS atomizers. Petela [7] found exergetic efficiency of pressure atomizers in the 379 range 0.08-0.24% for pressure drops between 0.8 and 2 MPa and noted a decrease of the efficiency with the pressure 380 drop. 381 382 where p = 3 and q = 2. The size spectrum of droplets generated by PS atomizer is not spatially uniform (see Figs. 6 511 and 7 in the main paper) so D32 varies along the radial profile. For the sake of conciseness and comparison of results 512
we defined an integral value of diameters D32 -ID32, as a single parameter to represent globally the droplet size in 513 the spray. Note that some authors [2] use the same term while other authors refer to this overall value as the mean 514 diameter [3] . Calculation of the ID32 is based on the surface area mean diameter and volume mean diameter D20,j and 515 D30,j respectively, according Eq. For the full description of ID32 calculation see [4] Appendix 1, which also explains simplifications and uncertainties 520 of the method. This approach of weighting by data rate for estimation of overall D32 was used in [5] for estimation of 521 the global SMD. Similar calculation of overall D32 with weighting by the cross-section area was used in [6] and [3] and previously suggested by Zaller and Klem [7] for calculation of the mean value of D30. 523
The estimation of overall D32 in PS sprays depends on the method applied for the drop size measurement [8] . For 524 example laser diffraction droplet sizing uses an expanded laser beam passing through whole the spray. This 525 frequently used ensemble measurement technique is a concentration-based measurement. Therefore, particle 526 velocities are not accounted for [9] and the weighting factor rj, which covers the variation in the sprayed area with 527 radial distance in Eq. (A.2), is not included, as well. Results acquired using such a method would, therefore, differ 528 from these from PDA in the same spray. 529
